ABSTRACT With the increasing use of distributed generations and distribution automation technologies in smart grid, the distribution system operator can alleviate the loss-of-load and improve the reliability of supply by forming intentional islands when emergency situations occur. Considering that the successful operation of the intentional island needs allocation of new circuit breakers (CBs), this paper proposes an integrated optimization method for simultaneous allocation of CBs and distributed energy resources (PV and battery energy storage, DERs) in distribution networks. The proposed approach is established on a multi-objective optimization framework, which determines the positions and sizes of CBs and DERs in order to minimize the total cost and the outage risk of the system, while subject to the voltage stability constraint. As distinct from the previous works, the loss-of-load risk and the effects of the intentional islands on system reliability are especially considered in our paper. To achieve this, an efficient technique to calculate the system risk index that converges with limited computation efforts is developed. The proposed model is solved by using the multi-objective evolutionary optimization algorithm-NSGA-II. Simulations based on RBTS-BUS6 verify the effectiveness of the proposed model and methods. Furthermore, the impacts of CB positions and load characteristics on the planning results are also analyzed.
I. INTRODUCTION
Due to the features of high flexibility, low loss and light pollution, DGs are more widely used in distribution networks [1] , [2] . A large number of DGs access to distribution networks will affect the network structure and operation methods. Therefore, only a reasonable DG planning can fully utilize the DG functions and improve the operation of the distribution network.
The topic of distribution network planning (DNP) involving DG has been largely addressed in the existing literature. In [3] , a novel methodology to solve the complicated problem of finding optimal location and size of distributed energy resources (DERs) was presented, and Monte Carlo (MC) simulation method was used to simulate the stochastic characteristics of load growth. In [4] , a decision-making algorithm to optimize DG size and location with the goal of lowest line losses or best voltage profiles was presented. In [5] , a multi-year planning model was presented to address the optimal planning and operation issue of distribution systems with a high penetration of DGs. The model considered the investment decisions for both network assets and smart grid technologies. To simultaneously provide technical and economic benefits, an effective methodology for DG planning was developed in [6] . A two-phase planning approach was proposed in [7] , where the objective is determining the optimal active network management (ANM) scheme for maximizing the utility DG penetration considering customer DG installations. In order to achieve economic optimum, models that determined optimal location and size for DG were proposed in [8] and [9] . A novel method for DG planning in active distribution network (ADN) in [10] , which mixes DG locating and sizing problem as well as distribution network reconfiguration problem together.
Furthermore, due to the uncertainties of DG output and its vulnerability to environmental factors, a large number of DGs access to distribution networks will have a great impact on the safe and stable operation [11] , [12] . Energy storage systems (ESSs) have a fast energy response capability that can effectively stabilize DG volatility [13] . Therefore, ESSs are used into distribution networks increasingly. To accommodate the integration of DG, a bi-level optimization model was proposed in [14] to determine the optimal installation site and the optimal capacity of BESS in a distribution network. In [15] , an optimal planning model based on cost-benefit analysis is developed for optimal deployment of a battery energy storage system (BESS) in ADN, considering the location, capacity and power rating of the battery. Alejandro Nieto and Vasiliki analyzed the economic feasibility for the integration of flywheel energy storage systems (FESS) with a wind power plant [16] . A two-stage optimization method is proposed for optimal distributed generation (DG) planning considering the BESS in [17] . The first stage determines the installation locations and the initial capacity of DGs, and the second stage identifies the optimal installation capacities of DGs to maximize the investment benefits and system voltage stability and to minimize line losses. A new optimization approach was presented in [18] , which employs an artificial bee colony (ABC) algorithm to determine the optimal DG-unit's and ESS size, power factor, and location in order to minimize the total system real power loss in restructured systems.
The above studies can be generally divided into two categories: DG allocation and collaborative planning of DG and ESS in a distribution network, but islanding is not considered. Islanding is a new mode of operation that comes with the introduction of DERs into distribution networks, including intentional islanding and unintentional islanding [19] . The formation of an intentional island in the case of network failure can help to reduce the risk of distribution network operation and it should be considered in planning. At present, the researches on intentional islands access to distribution networks mainly focus on the scope of intentional islands, the configuration of DERs in the islanding, and control strategies. The feasibility of intentional islanding operation was studied in [20] , which provided support at the event of outages using the load sharing islanding method for controlling the DG units during grid-connected an islanding operation. The simulation results have shown that properly intentional islanding transition could provide support to critical loads at the event of outages. An effective model for optimal installation of DG units considering a multi-objective function is implemented in [21] , and a method is proposed for detection of unintentional islanding event early and accurately. The results obtained show that the proposed methods were able to identify the islanding event. Moreover, several new under-frequency load shedding techniques considering islands was proposed in [23] and [24] .
In fact, reducing the loss-of-load risk in distribution networks is one of the main objectives of deploying DERs and intentional islands. Through calculating the reliability indicators of distribution networks with DERs and intentional islands, it is helpful to grasp the degree of improvement of the loss-of-load risk and further discover the weaknesses of the distribution system. Therefore, reliability assessment is of great significance for distribution network planning and should be considered. However, most of the above papers were aimed at economical optimization, and there are very few related to reliability. For the calculation of reliability, it can be summed up as simulation-based methods and analysis-based methods. The former simulates the state of each component and is more accurate, but normally suffers from high computational complexity [24] . The latter tends to use cluster classification to deal with the uncertainty of DG and load, but it is not suitable when considering the timerelated characteristics of PV and loads [25] . Therefore, how to consider both accuracy and efficiency is the key problem of risk index calculation. In [26] , a method was presented to solve the stochastic power flow problem. The algorithm combines MC and Stochastic-algebraic (SA) methods in a way that benefits mentioned merits of both former methods.
In this background, how to collaboratively plan DGs, ESSs, as well as intentional islands considering economy and reliability comprehensively, and consider both accuracy and efficiency of the loss-of-load risk calculation are the key problems for distribution network planning. In addition, the impact of different consumer types was often ignored in the previous studies. However, for different types of consumers, the risk of the outage caused by the same fault may vary. Hence, simply using reliability indicators cannot fully reflect the impact of an outage. Therefore, the main new contributions in this paper are as follows:
(1) An integrated optimization method for simultaneous allocation of CBs and DERs in distribution networks is presented, which considers the successful operation of intentional islands. (2) The objective function of the collaborative planning not only minimizes the comprehensive cost but also takes the loss-of-load risk into account. (3) An improved minimal path method is proposed to calculate the loss-of-load risk, which combines offline intentional island calculations with online risk calculations. This method combines the advantages of simulation-based method for tackling the time-related characteristics and analysis-based method for its faster calculation. (4) The impacts of CB positions and load characteristics on the planning results are analyzed. The rest of the paper is organized as follows: a planning model is established in Section II, and Section III presents a 45962 VOLUME 6, 2018 practical method to calculate the loss-of-load risk. Section IV introduces the solution algorithm of the collaborative optimization model. The simulation results and conclusions are presented in Section V and VI, respectively.
II. PROBLEM FORMULATION
This paper considers the benefits of multi-agents, balances the various needs, and maximizes the reliability in a limited economy. Therefore, a collaborative planning model is proposed to optimally allocate DGs and determine the placement of CBs in the distribution network. This multiobjective planning is a large-scale and extremely complex problem, which features non-convex, discrete, multipleconstraint and mixed-integer. It aims to obtain an optimal allocation scheme on the basis of predictable PV output and load demand, which simultaneously meets the safety of the distribution network and balances the multi-target needs.
A. OBJECTIVE FUNCTION
PV has many advantages such as high efficiency, cleanness, flexibility which will reduce the loss-of-load risk of consumers and avoid unnecessary losses if it is deployed reasonably [27] . However, it has a significant effect on power flow and voltage of distribution network. Furthermore, not only the investment and operation economy of PV devices should be considered in PV planning, but also the reliability should be ensured. Therefore, the optimization objectives in this paper include the minimal total costs and the lowest loss-of-load risk, as shown in Fig. 1 : 
1) MINIMIZATION OF TOTAL COSTS
The total costs of distribution network includes one-time investment cost and power loss expense [28] . Considering the time value of money, it can be expressed as:
where C invest denotes one-time investment cost and C loss is the expense of active power loss in distribution network per year. Furthermore, investment costs contain the relevant payment for DERs and CBs installed. In the costs calculation model, whether these three types of equipment need to be installed should be determined. In this paper, it is assumed that once a PV unit is installed at a location, a BESS must be installed in the same location to mitigate the fluctuation of PV output. The expense of power loss of the system is calculated as the product of network loss and the energy price, which can be solved through power flow analysis, expressed as follows: x p and x q are 0-1 variables which indicate whether the unit is installed at position P or Q. c loss denotes the cost of unit power loss. P loss is the total energy losses within a year. P loss (t) is the power loss at time t which can be obtained by power flow calculation. Among them, the equivalent unit capacity cost coefficient of BESS includes unit capacity cost and unit power cost, which is as follows:
where c S and c P are unit capacity cost and unit power cost of BESS respectively. a denotes the ratio of PV charge/discharge power and PV capacity, which is determined by the battery type.
2) MINIMIZATION OF LOSS-OF-LOAD RISK
Loss-of-load risk of consumers refers to the economic loss of power outage caused by the random failure of equipment, considering both outage probability and the severity of outage which respectively can be represented by occurrence and economic loss. Among them, the economic loss is the product of consumer's load loss and the unit economic loss of the load point, and the unit economic loss is mainly related to the duration of the outage and the category of consumers of the load points [29] . Probability refers to the failure probability of the component, which is expressed by the unavailability rate of long-term operation of components. The calculation method is the same as the traditional analysis method. As previously stated, the objective function can be expressed as the following:
where C L denotes the loss-of-load risk of the distribution network. M represents the number of load points. p k (i) is the failure probability of equipment i which causes the outage of load point k. S k (i), E k (i) and µ k (i) respectively denote the severity of outage, the load loss and mean time to failure of load point k caused by equipment i. λ(i) is the failure probability of equipment i. r(i)is the mean time to failure (MTTF).
is the unit power loss cost function of consumers. P k is the power of load point K . L k denotes the type of consumer.
B. CONSTRAINTS
In order to ensure the stable operation of the system, a number of constraints need to be considered in the planning decision, presented as below:
As the penetration of DG could influence the power flow and voltage level of the system, relevant limitations on DG output and voltage deviation should be considered [30] , which are shown in (9) and (10): (10) where T overload is the duration of line overloading. T total is the total time of simulation. Considering the grid carrying capacity, this paper sets the overload factor to 5%. U g (t) denotes the voltage of the node g at time t. U min and U max represent the lower and upper limit of voltage respectively.
2) RELIABILITY CONSTRAINTS
In practice, the reliability level of the system should meet different criteria for the different region [31] . In this paper, expected energy not supplied (EENS) is used to evaluate the reliability of the system, hence the following constraint should be applied [32] :
where E T is the expected energy not supplied and E Tmax is the upper limit. λ(i) and r(i) can be obtained by probability statistics.
3) POSITION CONSTRAINT BETWEEN DERS AND CB
As the location of CBs determines the boundary of the intentional islands, the DERs must be included in the island. This limitation can be described by the following constraint:
where xk is the node set within the intentional island determined by switch x k . CB denotes the position set of switches.
4) INSTALLATION CAPACITY CONSTRAINTS OF DG
Excessive PV output can adversely impact the stability of the grid and its economics in operation. Therefore, it is necessary to restrict the maximum penetration of DG capacity at each single node of the system.
where ω PV ,max is the maximum installation of PV capacity at the alternative point q. The penetration of DG can be expressed as the ratio of DG capacity to total load capacity. Considering the economy and reliability, this paper sets the maximum penetration of DG is not more than 70%.
5) OPERATIONAL CONSTRAINTS OF BESS
As the lifespan of BESS is related to the depth of charge/discharge and overcharging/over-discharging will decrease the BESS life, it is necessary to restrict the charging/discharging power of the BESS during operation [33] :
S SOC,min ≤ S SOC (t) ≤ S SOC,max (16) where P BESS,in(t) and P BESS,out(t) are respectively the charge and discharge power of time t respectively. S SOC (t) denotes the state of charge (SOC). S SOC,max and S SOC,min represents the upper and lower limit of SOC.
III. RISK ASSESSMENT
At present, there are two types of methods, simulation-based methods and analysis-based methods, which are most commonly used for reliability evaluation of distribution networks. The former is more accurate when dealing with the randomness of PV, but the whole calculation takes a long time due to the large scale of distribution network [34] . The analyticalbased method is more efficient in the calculation, but it's not very suitable for tackling the time-related characteristics of PV and loads, which brings some error to the calculations [35] . When calculating the loss of load, multiple intentional islands in the distribution network are considered in this paper, so the complexity of the power grid increases and the requirements for computational efficiency become more stringent. Therefore, it offers a solution which combines the advantages of the simulation-based method for tackling the time-related characteristics and analysis-based method for its faster calculation.
As for the selection of algorithms, the minimal path method is more advantageous in dealing with the radial distribution network planning, whereas for the distribution network with DG, this algorithm is less effective. After a DG is connected to the distribution network, an island can be formed via the CB operation when the distribution network fails, so that the DG will continue to supply power to the island. In this case, the reliability index of the load points in the island will be changed [36] . Therefore, the minimal path method still needs to be improved. Considering the probability and duration of the intentional islanding, based on the minimal path method, this paper puts forward a calculation method that combines the off-line islanding probability calculation and the on-line risk calculation. Furthermore, the probability of intentional islanding is considered without influencing the efficiency of the minimal path calculation. Specific calculation thought is as follows:
Due to that the islanding probability and duration is used in the on-line risk calculation, the off-line calculation of islanding probability and duration is accomplished just before the minimal path calculation, and the risk calculation will directly refer to the off-line islanding calculation results. In the risk calculation, based on the idea of the minimal path, the reliability indices of each load point are the sum of the power outage consequences (SAIFI, SAIDI, EENS, etc.) caused by all the equipment on the minimal and the nonminimal paths that affect the power supply of the load point. Among them, the impact of equipment failures on the outage duration of the load points needs to be judged. The improved minimal path method (IMPM) is used for calculation, and it is necessary to consider whether the intentional islanding can be realized.
A. PROBABILISTIC MODEL OF PV
According to statistics, in a certain period of time (1 hour or a few hours), the solar intensity can be approximately described as a Beta distribution, the probability density function is as follows [37] : (17) wherer max and r are the maximum intensity and the actual intensity of solar radiation during the period. α and β are the shape parameters of the Beta distribution, which can be obtained from the mean and variance of the solar radiation in different scenes, expressed as follows:
According to the relationship between output power of PV and solar intensity, the probability density functions of the active power of distributed PV can be deduced, which is shown as follows:
where η is the photoelectric conversion efficiency of PV; A is the component area of PV, and P max is the maximum power output of PV, where P max = µηAr max .
B. CALCULATION OF INTENTIONAL ISLANDING PROBABILITY AND ITS TIME DURATION
After PV is connected to the distribution network, intentional islanding becomes an uncertain event. In planning, the intentional islanding is probabilistic, and whether it can succeed depends on the characteristics of the power supply and load points within the islands. However, it cannot be simply calculated by using a certain value or the largest value in the power and load curves. In this paper, the probability of successful intentional islanding is obtained by calculating the proportion of time duration that the total available output of PV and BESS is greater than the demand of the load points. At the same time, the island duration is calculated within each hour, and the average island duration of 8760 hours in a year is used as the intentional island duration. The computational formulas are as follows:
where I l (t) is a binary variable that takes on 0 or 1 to denote whether intentional islanding succeeds or not at time t. P PV (t) is the PV output at time t, and P L,k (t) is the load demand of load point k within the island. N island represents the number of load points within island l. T batt,l is the expected value of island duration and T batt,l (t) is the island duration if island l is formed at moment t. If I l (t) = 0, then T batt,l (t) = 0; if I l (t) = 1, the island duration will be limited by the storage capacity of BESS, which can be obtained in the following:
where S res is the residual capacity of BESS which is used as spare capacity and it is considered at the maximum limit when a failure occurs.
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Notice that equation (24) is an implicit integral equation which is difficult to be solved by analytic method. It can be solved by calculating the load requirements and PV output per hour since the successful islanding. The specific steps are as follows:
Step 1: From the current moment t, compare the output of PV and the load demand in the intentional island in each following hour. If the PV output is greater than the load demand, the excess energy will be absorbed by BESS, otherwise, the amount of PV output in shortage will be supplied.
Step 2: After a successful islanding, if the PV output and BESS capacity can meet the load demand in the current hour under the constraints, the island is able to continue within this hour.
Step 3: Let t = t + 1 and repeat step 2 until the BESS capacity runs out or the discharge power reaches the upper limit, otherwise return to step 1. (This paper argues that a balance of supply and demand can be kept between the output power of BESS/DGs and loads until the BESS capacity runs out or the discharge power reaches the upper limit.)
Step 4: If t is less than the islanding operation time, then t is the duration of the island.
C. THE TRADITIONAL MINIMAL PATH METHOD
The idea of the traditional minimal path method in distribution network reliability assessment is as follows [38] : first, the minimal path to the source point is obtained from each load point. Second, all the components are divided as for whether they are searched on the minimal paths or on the non-minimal paths. Finally, for the components on the nonminimal paths, the impact of their failure on the load points needs to be converted to the minimal path. In this way, the reliability indices of each load point can be obtained by only calculating the components and nodes on the minimal path. Specifically:
1) THE COMPONENT FAILURE ON THE MINIMAL PATH
Any component failure on the minimal path will cause the outage of the load point. Therefore, the failure rate of the load point is the sum of the failure rate of all components on the minimal path and the equivalent failure rate of components on the non-minimal path.
2) THE COMPONENT FAILURE ON THE NON-MINIMAL PATH
For the component which is on the non-minimal path, the first step is to convert the impact on the reliability of the load point to the corresponding minimal path node according to the structure of the system, and then calculate the outage duration according to the above method. The specific treatment is as follows:
a. If the non-minimal path is a load line, the first CB closest to this line should be found first. If the CB is on the minimal path of the load point, the outage duration is the failure time of the component. If the CB is not on the minimal path, the outage duration caused by the component which is on the non-minimal path is the operation time of the CB.
b. If the non-minimal path is a branch feeder, any component failure on the feeder will cause the outage of the upper feeder. The failure rate of the upper feeder is the sum of the failure rate of all components on the branch feeder. However, for the distribution networks containing DGs, intentional islands will be formed under the network failure event, and DGs will keep supplying power to the islands. In such a case, the analysis of the impact of facility failure on the power outage at load points is different from the traditional minimal path method. Therefore, it is necessary to improve the traditional minimal path method.
D. THE IMPROVED MINIMAL PATH METHOD
The improved minimal path method proposed in this paper distinguishes between situations where the components and load points are within the islands and those are not. For the load point which is outside the intentional islands, it is not affected by the outage of the components in the intentional islands. Therefore, whether to configure intentional islands will not affect the consequences of such load points. The principle of impact analysis is the same as the minimal path method, and will not be repeated here.
In addition, for the load point within the intentional islands, the analysis is based on the location of the components (minimal path/non-minimal path, inside intentional islands, or outside intentional islands). The specific principles are as shown in Fig. 2 .
For the load point within an intentional island, its total outage duration can be expressed as:
where M is the total number of distribution network facilities. λ i is the failure rate of the i-th facility. µ k (i) is the power outage duration at the load point k caused by the failure of the i-th facility. The calculation formula is different depending on the locations of the components:
1) THE COMPONENT FAILURE ON THE MINIMAL PATH
For the component i which is outside the intentional islands, its failure may lead to the intentional islanding. Moreover, whether or not intentional islands can be formed depends on the BESS' ability of power supply for the load in the islands.
a. If the intentional island is formed successfully, the power outage duration of load point k can be determined through comparing the island duration expectation and the failure duration of component i: if the island can continue to operate until repairing the fault, the power outage time will be 0; if the fault cannot be repaired, the power outage time will be the difference between the fault recovery time and the intentional island duration. a. If the island fails to form, the load point can only resume power supply after the fault is repaired, that is, the average outage time of the load point k is the failure time of component i. In conclusion, if the component failure on the minimal path is outside the intentional islands, the outage time of the load point can be expressed as: (26) where ρ k is the formation probability of island i where the load point k is.
If the component i is within the island, DG will be disconnected and the island will not be formed. In this case, the solution is the same as that to the traditional network. The interruption duration of load point k is equal to the failure time of component i, that is:
2) THE COMPONENT FAILURE ON THE NON-MINIMAL PATH
If there is no CB between the component and the nearest minimal path, then the impact of component failure on load point is the same as 1); If there is a CB, after the failure is isolated, the load point can be restored. The average interruption duration of load point is the operation time of isolating switch, that is:
In summary, comparing with the traditional minimal path method, the improved minimal path method resolves the reliability analysis of the distribution network with DGs. After the formation of intentional islands, the improved method first distinguishes the locations of load points and faulty components and then analyzes the failure impact. As a result, the speed and accuracy of the calculation are improved.
IV. SOLUTION ALGORITHM
The multi-objective DNP proposed in this paper is a largescale and extremely complex problem, which is non-convex, discrete, mixed-integer and with multiple constraints. The solution methods are mainly divided into two categories, namely, precise algorithms and heuristic algorithms. Precise algorithms (such as dynamic programming, integer programming, and other mathematical programming methods) [39] always take a long time, so they are not applicable to the large-scale complex programming problems in this paper; heuristic algorithms include evolutionary algorithms, particle swarm optimization, etc [40] - [43] . In this paper, a multiobjective evolutionary algorithm based on NSGA-II is used to solve this problem [44] . Hybrid coding is applied in this algorithm so that the information of the discrete as well as the continuous optimization variables can be stored respectively and simultaneously. Meanwhile, due to the fact that the population in this algorithm features individual retention mechanism, good distribution and great diversity, the premature phenomenon is avoided and the credibility of the results is ensured. The optimization results are represented as the optimal solution set, and the optimization process is shown in Fig. 3 .
A. PARAMETERS AND INITIALIZATION
Read the parameters of equipment as well as the original distribution network. The first generation of continuous variables (PV, BESS) is generated by using the classical uniform random initialization method, which is shown below:
where ω u (h) is the value of the h-th continuous variable of the u-th initial individual. r is a random number that is uniformly distributed between [0, 1]. ω max (h), ω min (h) are respectively the upper limit and the lower limit of the h-th variable. h = 1, 2, . . . , D. D is the dimension of the optimization problem.
It must be noted that the discrete variables of populations, referring to switch position and PV/BESS position, should be produced successively. After all the alternative cases are represented by continuous discrete sequence, the same uniform random initialization method can be used.
B. OFFSPRING GENERATION
The offspring population can be obtained by coding, decoding, selection, crossover and mutation from the parent population. 
1) CODING AND DECODING
The position information is coded in binary, and the capacity information is coded in real numbers. Firstly, all the CB positions make up a gene fragment α. Then, for each CB, the PV capacity, BESS capacity and position of that are set as the gene fragments β 1 , β 2 . . . β S , as shown in Fig. 4 . Only if the CB is configured at position s, the PV/BESS position and capacity information of β S can be decoded. 
2) SELECTION
A tournament method [45] is applied to select the individuals. The competition scale is 2, that is to say, two individuals are randomly selected from the parental population P. Using the tournament method, the individual with the best fitness value is selected into the offspring population.
3) CROSSOVER
The crossover operator adopts the two-point crossover method.
4) MUTATION
The mutation operator adopts the uniform mutation mode. The mutation shall occur to the gene fragment α or the decodable fragment gene β s .
C. PARETO HIERARCHICAL SORTING AND CALCULATION OF AGGREGATION DISTANCE
Calculate the total cost of coordinated planning and the lossof-load risk of each individual in the offspring population. Subsequently, the new population composed of parents and the offspring is layered using Pareto hierarchical sorting and the aggregation distance at each level is calculated.
The aggregation distance of each individual is obtained by summing up the distances from the adjacent individuals. According to the one with r sub-goals, the aggregation distance of the individual i can be expressed as:
where f k is the k-th sub-goal. P [i] distance is the aggregation distance of individual i. P [i] . f k is the function value of individual i in sub-target f k .
D. GENERATION OF NEW PARENTAL POPULATION
According to the level of individuals and their aggregation distance, define a partial order set. Then, sort the new population according to partial order relation among individuals. Next, select n optimal individuals to generate a new parent population P. The partial order relation can be expressed as:
where u and v are random individuals in the new population. u rank and v rank are respectively the Pareto layers of individual u and v.
As (31) shows, if two individuals belong to different boundary sets, the one with the smaller sequence number is prioritized. As for the boundary sets with the same sequence number, the individual with the larger aggregate distance or the smaller aggregate density should be prioritized.
E. TERMINATION CONDITION
If the pre-set number of iterations N is reached (in this case, it is set to 400), output the Pareto front, which is the optimal solution set, otherwise return to Step-C.
F. OPTIMAL DECISION SOLUTION OUTPUTTING
For multi-objective optimization problems, one solution may be the optimal solution for one goal but not all the goals. So sometimes it is necessary to compromise. In this paper, the optimal compromise is obtained as follows: firstly, normalize the total cost and the loss-of-load risk of each solution, and then choose the one with the smallest sum of these two as the optimal compromising solution.
According to ER P2/6 [46] , compare the loss-of-load risk value range of the minimal total cost solution and the optimal compromising solution. The optimal decision solution is decided by the principles shown below:
If the difference between the minimum and maximum values of loss-of-load risk is less than 20%, the minimal total cost solution is the optimal decision solution; otherwise, the optimal compromising solution is the optimal solution.
V. CASE STUDY
Considering that the calculation time of a large system is too long, this paper selects the typical RBTS Bus6 system as an example to verify the proposed method. The optimization algorithm is based on NSGA-II while considering the equipment investment cost, load data, consumer power outage loss and so on. Subsequently, the method analyzes the impact of CB location, consumer type and loss-of-load risk on the results in order to optimize further. 
A. TEST SYSTEM
The feeder F4 ∼ F7 in RBTS BUS6 are selected and the system is shown in Fig. 5 . This system includes 30 lines, 26 nodes, 23 fuses, 23 transformers, 21 isolating switches, 1 CB and 23 load points. Among them, S1 ∼ S6 are alternative positions for the PCC of intentional islands and PB1 ∼ PB13 are the alternative positions for DERs equipment. Besides, the reliability of CB and fuse are assumed 100%. The operation time of isolating switch is 0.3 h. All the relevant parameters can be seen from Table 1 to Table 4 and other parameters refer to [47] . The ratio of rated power to rated capacity is set as 1/6, based on the physical characteristics of the sodium-sulfur cell. Furthermore, the life cycle of DERs and CBs is set for 20 years and the discount rate is 10%.
The optimization is programmed by C# of VS2013. In the program, the number of population is 40. Iteration time T is 400. Crossover probability is 0.9. Mutation probability is 0.2. The maximum and minimum capacity of PV is respectively 5 MW and 2 MW. The maximum and minimum capacity of BESS is respectively 9 MWh and 3 MWh.
B. CALCULATION RESULTS AND COMPARISON 1) CALCULATION RESULTS
Pareto solution set is shown in Fig. 6 . The value difference between maximum solution (400.48 thousand dollars) and minimum solution (252.42 thousand dollars) of the optimal solution is more than 20%, so the optimal compromising solution is chosen as the optimal solution. The planning results obtained by the multi-objective evolutionary algorithm are shown in Table 5 . It can be seen that the PV capacity can meet the load demand in the islands. From the Pareto solution set shown in Fig. 6 , it can be seen that since the model in this paper is a multi-objective planning, when the total cost increases, the loss-of-load risk decreases, that is, the reliability increases. This paper ultimately chose the compromising solution as the optimal solution according to ER P2/6. However, in the actual situation, when the total cost that can be invested by the electric utility companies is limited or the consumers require high reliability, the configuration of intentional islands and DERs may be different. In addition, prioritizing intentional islands for important users can significantly increase reliability. If considering different load demand priority levels, there may be different planning schemes. Therefore, this section selects the following typical solutions that can reflect the changes of the intentional island and DERs configuration in all of the above solutions, as shown in Table 6 . It can be clearly seen that with the change of the total cost or the loss-of-load risk, the optimal configuration of intentional islanding and DERs varies greatly. 
2) COMPARISON
The quick calculation methodology for the loss-of-load risk is one of the main contributions of this paper. In order to verify the accuracy and efficiency of the proposed methodology, the MC method in [48] is used to calculate the loss-of-load risk, and NSGA-II is used to solve the multiobjective planning model. The comparison results are shown in Table 7 and the reliability calculation results under this target scheme are shown in Table 8 .
Through the comparative analysis, it can be seen that the results of the two calculation methods are basically the same. The improved minimum path method used in this paper is within the acceptable range of loss accuracy, and it greatly improves the speed of operation. It proves that this method is effective and can be used to quickly calculate the loss-of-load risk.
C. DISCUSSION
In order to analyze the influence of CB positions, consumer types and objective functions on the planning results, the following analysis is carried out.
1) THE IMPACT OF THE CB POSITION AND LOAD CHARACTERISTICS
The maximum range of the islands, which is determined by the presupposed positions of CBs, can be divided into six areas in Fig. 5 and the load distribution is shown in Table 9 . In order to analyze the advantages of configuring CBs and the influence of consumer types, three examples are designed for comparative analysis:
Case 1: The number and positions of CBs are optimized at the same time.
Case 2: The positions of CBs are fixed in S3 and S5 and the islands which can be formed include industrial load.
Case 3: The positions of CBs are fixed in S1 and S6 and the islands which can be formed exclude industrial load. The Pareto solution sets of three cases are shown in Fig. 7 . Through the comparison of Case 1 and Case 2, it can be seen that Case 1 is more economical and has a lower loss-of-load risk. In the same optimal solution of two cases which have the same position of CB, it can be proved that coordinated planning has more advantage. Moreover, from the comparison of Case 2 and Case 3, it can be found that intentional island near industrial load can better improve loss-of-load risk.
2) THE IMPACT OF RELIABILITY INDEX AND LOSS-OF-LOAD RISK
In order to further analyze the impact of consumer types, the consumer average interruption duration index (CAIDI) [49] is selected as the objective function and the loss-of-load risk of each solution is calculated as shown in Fig. 8 .
From the optimization results, it can be seen that even if the reliability of one optimal solution is less than the other solution, the loss-of-load risk of the optimal solution may be the same or even greater than others. It is because CAIDI is calculated by the average power outage time of all consumers and load points. The consumer types are not considered. However, the loss-of-load risk of different consumer types varies greatly in the same outage time, especially residential and industrial types. Comparing the solution of the lowest CAIDI in Fig. 8 with the optimal solution set in Fig. 7 , it can be proved that this solution is within the dominating range of the optimal solution set in Fig. 7 . That is to say, there is a solution in Fig. 7 that the loss-of-load risk and the total cost are lower than the optimal solution in Fig. 8 . It explains the importance of selecting the loss-of-load risk as an objective function.
VI. CONCLUSION
A coordinated planning model of the distribution network is put forward in this paper, which simultaneously considers the allocation of intentional islands' switch as well as the position and size of DERs within the islands. The proposed model aims to minimize the total cost and loss-of-load risk under the constraints of maintaining voltage stability and so on. Moreover, based on the minimal path method, a rapid calculation method is put forward, combining the off-line islanding probability calculation and the on-line risk calculation. Finally, the coordinated planning model is solved by the multi-objective evolutionary optimization algorithm based on NSGA-II. A part of RBTS Bus6 system is applied to compare different objective functions and different optimization variables. It can be figured that the coordinated planning VOLUME 6, 2018 obtains a lower loss-of-load risk value. Compared with the single reliability index the loss-of-load risk, combining the reliability indices and the consumer type can better reflect the consumer value.
As for DG configuration, more active management can be added to allow higher PV penetration and various kinds of DG can be adopted to make up for the deficiency of PV supply at night. In addition, as for the large-scale penetration of DG, due to the relatively high cost of BESS, public BESS compensating multiple DGs can be considered to replace the one-one single-point configuration in this paper to achieve a better economy [50] .
